I. INTRODUCTION
Electronic transport properties in nanostructures, such as carbon nanotube (CNT) quantum dots (QDs), [1] [2] [3] single molecules, 4 semiconductor nanocrystals, 5 metallic nanoparticles, 6 and graphene ribbons 7 are strongly dominated by the single-electron charging and energy-level quantization. Electronic spectroscopy at low temperature provides detailed information on their quantum-level structures. Because of their finite size, QDs exhibit many properties similar to natural atoms. 8 For example, quantum confinement induces discretized electronic energy spectra with shell structures, and electrons can be shared between coupled QDs similar to molecular bondings. One of the advantages with respect to natural atoms is that the confinement potential can be electrically tuned by a gate electrode. 8 Single-wall carbon nanotubes (SWCNTs), which can be viewed as a graphene sheet wrapped into a cylinder, 9 are convenient systems to study these features due to their simple geometries with less spatial imperfection and weak spin-orbit coupling compared to other QD systems. 2, 10, 11 In the Coulombblockade regime, devices based on SWCNT QDs connected to metallic leads show regular Coulomb-blockade patterns, which originate from their electronic structures. 2 Because of the spin degeneracy of two bands near the Fermi points, the stability diagrams of SWCNT QDs exhibit four-electron periodicity of the Coulomb diamond patterns. 12, 13 Among many possible applications, SWCNTs can be used to study the spin reversal of individual molecular quantum magnets.
14 Supramolecular spin-valve devices of SWCNT exhibited magnetoresistance ratios up to 300% between fully polarized and nonpolarized molecules. 15 SWCNTs can also be filled with magnetic nanoparticles 16 establishing new magneto-Coulomb effects. 17 Besides SWCNTs, multi-wall carbon nanotubes (MWCNTs) consist of two or more concentric walls. Although transport properties of SWCNT QDs in the Coulomb-blockade regime have been well understood, the energy spectra of MWCNT QDs still lack full understanding. 18 The presence of multiple shells complicates the transport properties because (1) it increases the number of conducting channels, (2) it induces the possibility of interactions between the different walls, and (3) it makes the influence of defects more important as MWCNTs become more susceptible to them. Double-wall carbon nanotubes (DWCNTs) with two concentric walls are the simplest MWCNTs and therefore the best candidates to study their electrical transport properties. 19 Depending on the ratio between the unit cell lengths of the two shells, a DWCNT may be either commensurate (c-DWCNT) or incommensurate (i-DWCNT). At low energy, nonzero intershell coupling occurs in c-DWCNTs while intershell coupling vanishes in i-DWCNTs. [20] [21] [22] [23] [24] As explained theoretically in Ref. 25 , nonzero intershell coupling causes eightelectron periodicity in the stability diagram of c-DWCNT while four-electron periodicity, similar to that in SWCNT QDs, is observed in case of zero intershell coupling in i-DWCNT. Mixing of orbital states of the two walls is the main source of nonzero intershell coupling in DWCNTs in spite of the effects from disorder present in the system. 10, 26, 27 In Ref. 28 , an eight-electron periodicity was indeed observed in DWCNT QDs. However, the coexistence of both four-and eight-electron periodicities is puzzling and requires further studies.
In this work, we report on a systematic electron transport study of DWCNT QDs. We focus more specifically on the devices with stability diagrams showing only eight-electron periodicity, which is specific to DWNTs and means nonzero intershell coupling in our DWCNT QDs. By using the model of Ref. 25 , we determine the possible schemes for single-electron tunneling processes. Furthermore, we extract all the important parameters of DWCNT QDs, namely, electron-addition energy E add , energy level spacing ǫ 0 , and the intershell coupling strengths. To our knowledge, the values of the intershell coupling strengths were not extracted before from electrontransport-spectroscopy measurements. By using the excitation lines, we also determine the full energy shell and partially filled QD states.
In Sec. II A, we present experimental details of sample preparation and measurements while we describe our theoretical model in Sec. II B. Results and discussions are given in Sec. III and conclusions are drawn in Sec. IV. 
II. EXPERIMENTAL METHODS AND THEORETICAL MODEL

A. Sample preparation and measurement
Isolated DWCNTs were synthesized by catalytic-chemicalvapor-deposition (CCVD) method using Mg 0.9 Co 0.1 O solid solutions as a starting material. 29 The distribution of the occurrence of each number of walls from high-resolution transmission electron microscopy (HRTEM) shows that 80% of the CNTs are double walled as shown in Fig. 1(a) . The median inner diameter is about 1.35 nm and the outer one is about 2.05 nm. CNTs are then dispersed on a highly doped silicon substrate capped by a 400-nm silicon-dioxide layer, which acts as the gate electrode to modulate the charge density within the CNTs [c.f. Fig. 1(b) ]. CNT junctions with typical length of about 300 nm are fabricated using electron beam lithography. CNTs are connected to 50-nm-thick Pd electrodes, which act as source-drain leads. Only those circuits of room-temperature resistances between 50 to 500 k are used in the experiments. Devices are cooled down in a 3 He/ 4 He dilution refrigerator with a base temperature of 30 mK. Conventional two-probe measurements are performed by recording the differential conductance, G = dI /dV , when changing both the gate, V g , and the source-drain, V sd , voltages.
At room temperature, the transfer characteristics show ambipolar behavior with "on-off" ratio of about 20, as shown in the inset of Fig. 1(c) . The different transparency of the n-and p-type regions is visible on the inset of Fig. 1(c) from Ref. 3 . The appearance of quasiperiodic conductance oscillations at 30 mK in Fig. 1(c) features Coulomb blockade. Presence of a large gap with zero conductance indicates the existence of semiconducting shells. This in fact reduces the influence of disorder on intershell coupling between two walls in our device. 27 Measurements of conductance while sweeping the bias voltage (from −10 to 10 mV) for a set of different values of gate voltages (from 5.2 to 8.0 V) are shown in Fig. 2(a) . Coulomb blockade diamonds and excited states can be observed on a set of more than 30 diamonds in this range. A closer inspection shows that the size of the Coulomb diamonds varies as the electron number increases. In Fig. 2(b) , we can clearly identify eight-electron periodicity in the diamond patterns. The numbers inside the diamonds indicate the additional electron filling the DWCNT QD. Addition energy (E add ) is extracted from the heights of the Coulomb diamonds and shown as a function of an additional electron number in Fig. 2(c) . Eight-electron periodicity is clearly observed in three consecutive sets of diamond. In each set, there is a distribution of addition energies, which will be explained later on by considering interwall couplings. Addition energies for the even-numbered electrons (2nd, 4th, 6th, and 8th) in every set are almost the same because only the charging energy is needed to put a second electron on the same orbital state, similar to SWCNTs. 30 Similar sets of Coulomb diamonds revealing only eight-fold symmetry have been observed for 10 devices among the more than 20 measured.
From the stability diagram in Fig. 2(b) , we can estimate some of the relevant parameters of the QD: charging energy U c = 14 meV and level spacing ǫ 0 = 8 meV. Calculated from the geometry of the device, the charging energy, U c , is about 13.5 meV, which is in accordance with the previous value deduced from the diamond height. The capacitive coupling between the DWCNT QD and the electrodes is related to the slopes of the lines defining a diamond [c.f. Fig. 2(b) ]. They are estimated to be about α s = 0.25 and α d = −0.42. Therefore, the source capacitance is C s = 4.40 aF, the drain capacitance C d = 5.56 aF, and the gate capacitance C g = 1.84 aF by using the relations 8 α s = C g /(C − C s ) and α d = −C g /C s , where the total capacitance C = (C s + C d + C g ) = 11.80 aF. The slopes, α s,d,g , correspond also to aligning the electrochemical potentials of the QD with the source (source, drain, gate) voltages, respectively. We find that α g = C g /C = 0.15. The period of the conductance peak distances is then estimated to be V g = U c /(eα g ) = 0.10 V, comparable to the observed value V g = 0.09 V [c.f. Fig. 2(b) ].
B. Theoretical Model
We model the DWCNT QD systems by using the method in Ref. 25 . Here, we only give a brief description and more details of the method can be found in the reference. The properties of DWCNT QDs can be investigated by using the Bosonization method, including the forward-scattering exactly. 23, 31, 32 The Hamiltonian of a DWCNT QD can then be separated into two parts, H = H f + H b . One part, H f , describes the ground state and Fermionic excitations while the other part, H b , the bosonic excitations. The Fermionic Hamiltonian is similar to the constant-interaction model as
where sgn() is the sign function, α = ± denotes the bonding (antibonding) states, r = R/L = ± is the index of right-and left-moving electrons, and σ = ± is the spin index. The number operator N αrσ gives the number of electrons in state (αrσ ). There are four orbital Fermionic modes with spin degeneracy, which we label as L ± and R ± [c.f. Fig 3(a) ]. Their energy spectra are characterized by the energy level spacing, ǫ 0 , the charging energy, U c , the intershell coupling, ζ ǫ 0 , with a dimensionless parameter 0 ζ < 0.5, and a dimensionless Fermi-point-mismatching parameter 0 < 0.5. The Bosonic Hamiltonian can also be diagonalized as
where a † (a) is the bosonic creation (annihilation) operator, q is a quantum number, j = c,s is the index of charge (spin) modes, and δ,ξ = ± define total (relative) modes with respect to the branch degree of freedom. Because of the one-dimensional characteristics of DWCNT energy spectrum and Coulomb interactions, there are eight Bosonic excitations modes besides the Fermionic ones. Out of these eight Bosonic modes, only the energy dispersions of the two highest excitation modes depend on the Coulomb interactions. The energy dispersions of the six "neutral" modes are the same as for the noninteracting Fermionic system. In the simulations, only Fermionic states and these six neutral Bosonic excitation modes are included as we consider only lowest excitations.
After obtaining the energy spectrum of a DWCNT QD, its electronic transport properties are calculated by using the Liouville equation for the reduced-density-matrix approach to the lowest order in the tunneling rate. This approximation is justified as the measured DWCNT QDs are in the Coulombblockade regime. Furthermore, we assume that only inelastic tunneling processes occur in the DWCNT QD and the outer shell is connected to both leads with same tunneling rates. Although only DWCNT QDs with two metallic shells are considered in Ref. 25 , the method proposed there is also valid for DWCNT QDs with semiconducting shells provided that the electrochemical potentials are away from the band gap, which is the case in our experiments [c.f. Fig. 2(a) ].
III. RESULTS AND DISCUSSIONS
The observed eight-electron periodicity of addition energies in Fig. 2(c) can be understood by obtaining the addition energy from the Hamiltonian of the DWCNT QD. From the Fermionic Hamiltonian of DWCNT QD, Eq. (1), the addition energy, which is defined as E add,N = |µ N − µ N−1 |, has an eight-electron periodicity,
From the experimental addition energies shown in Fig. 2(c) , we find the following set of parameters: the charging energy U c = 14.0 meV, the energy level spacing ǫ 0 = 8.0 meV, the mismatch parameter = 0.06, and the intershell coupling parameter ζ = 0.18, that is, an intershell coupling of 1.44 meV. The coupling strength between DWCNT QD and source and drain leads is 2.1 × 10 −3 meV. By fitting to the value of measured conductances, the tunneling rate γ is estimated to be about 3 × 10 9 s −1 , well comparable with the experimental value of 1 × 10 9 s −1 [extracted from data shown in Fig. 1(c) ]. Using these parameters, the simulated stability phase diagram is shown in Fig. 3(c) . It has an eight-fold periodicity and the shapes of the diamonds agree well with the experimental ones shown in Fig. 2(b) . By substituting the values of fit parameters into the Hamiltonian Eq. (1), we find that the filling sequence in the measured DWCNT QDs is L − → L + → R − → R + , as shown in Fig. 3(b) .
The energy spectra in DWCNT QDs have shell-like structure, 33 and it is useful to distinguish the QD with full or partially filled energy shell. We now compare the excitation spectra (see Fig. 4 ) for two different Coulomb diamonds, the larger one and one inside the same shell. The first and second columns in Fig. 4 show the Coulomb diamonds from experiment and simulation, respectively, while the last one depicts the scheme of the single-electron tunneling process through an excited state. Lines terminating on diamond sides involve excited states of this charge state. Their pattern provides a complete spectroscopy of the energy levels, and the vertical distance between the lines is a direct measurement of the level spacing. 8 The diamond of Figs. 4(a) and 4(b) exhibits symmetric excitation features on the two sides, which occurs either for a full or a half-filled shell [see Fig. 3(c) ]. If we now consider a different diamond [see Figs. 4(d) and 4(e) ], such symmetry is broken corresponding to a partially filled shell (N = 0 or 4 [8] ). The excited-states pattern corresponds to the expected one for a + 5 electron charge state [see Fig. 3(c) ]. Moreover, the white arrows in Figs. 4(a) and 4(b) indicate the excited-state level spacing (∼5 meV), which is much larger than the level spacing we observe in case of Figs. 4(d) and 4(e) (∼3 meV). As the level spacing is larger between two shells (δ) as compared to within a same shell (ξ ), this confirms that the case in Figs. 4(a) and 4(b) corresponds to a full-shell charge state.
IV. CONCLUSIONS
In conclusion, we have observed eight-electron periodicity in the single-particle stability diagram of DWCNT QDs. The charging energy, level spacing, intershell coupling strength, mismatching parameters, and coupling strength to the leads are obtained. The full energy shell and partially filled shell states are determined by examining the excitation lines. The extraction of the intershell coupling strengths in DWCNTs from the spectroscopy measurements was never performed before. The simple and standard spectroscopy measurement provides a relatively easy approach to investigate and to better understand the intershell couplings in DWCNTs and MWCNTs, which are crucial for their application in nanodevices.
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